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Abstract A high-resolution section of dissolved iron (dFe) and aluminum (dAl) was obtained along ~95°E
in the upper 1000 m of the eastern Indian Ocean from the Antarctic margin (66°S) to the Bay of Bengal (18°N)
during the U.S. Climate Variability and Predictability (CLIVAR) CO2 Repeat Hydrography I08S and I09N sections
(February–April 2007). In the Southern Ocean, low concentrations of dAl (<1 nM) reﬂect the negligible dust
inputs impacting the water masses subducted in the circumpolar domain. The low dAl concentrations
characterizing the Southern Ocean terminate near 45°S, probably because of the advection of subtropical
water masses that received dust and sedimentary inputs in their formation region. Our subsurface dFe
data near the southern Kerguelen Plateau were signiﬁcantly higher than historical observations in other Indian
sectors of the Southern Ocean. We surmise that the offshore advection of dFe-rich waters along the western
ﬂank of the southern Kerguelen plateau and enhanced vertical mixing could contribute to this elevated
subsurface dFe inventory. Elevated subsurface particulate and dFe levels downstream of the northern
Kerguelen Plateau may reﬂect long-range lateral transport from the plateau’s sediments and/or remineralization
inputs. At the northern edge of the south Indian subtropical gyre, the deposition of Australian dust, possibly
combined with the advection of dAl-enriched waters from the Indonesian Throughﬂow, creates a region of
elevated dAl in the upper 400 m but without a corresponding enrichment in dFe. In the northern Indian Ocean,
the South Equatorial Current constitutes a remarkable biogeochemical front separating the oxygen-rich and
dFe-poor subtropical gyre waters from the dFe-rich and oxygen-depleted waters of the northern Indian Ocean.
By tracing the accumulation of macronutrients and dFe along the advective pathway of Indian Central Water,
we show that the central waters of the northern Indian Ocean receive excess dFe in addition to that produced
by remineralization inputs. The resuspension of shelf sediments and release of pore waters probably contribute
to the elevated dFe and dAl levels observed below the highly stratiﬁed upper layers of the Bay of Bengal.

1. Introduction
The availability of iron (Fe) relative to the supply of macronutrients in vast regions of the oceans inﬂuences
marine productivity and may contribute to the regulation of atmospheric CO2 levels over glacial-interglacial
timescales [Martin, 1990; Martínez-Garcia et al., 2009, 2014]. For this reason, there has been a strong
motivation to incorporate parameterizations of the Fe cycle into global ocean biogeochemical models
of varying complexity [Archer and Johnson, 2000; Aumont et al., 2003; Parekh et al., 2004, 2005; Moore
and Braucher, 2008; Misumi et al., 2013; Tagliabue et al., 2014a]. Although ocean general circulation and
biogeochemistry models will ultimately provide the best means to assess the relative contribution of
various Fe sources to the contemporary oceanic Fe cycle and to test its sensitivity to anthropogenic forcing, the
development of a global database of Fe observations is ﬁrst required to constrain simulations and, if needed,
improve model parameterizations [SCOR Working Group, 2007]. Over the last three decades, the database of
Fe observations has been greatly expanded during localized sampling campaigns and, more recently, through
basin-scale transects as part of the Climate Variability and Predictability (CLIVAR) [Grand et al., 2014] and
GEOTRACES [Anderson et al., 2014] programs [Measures et al., 2008a; Middag et al., 2009, 2011; Klunder et al., 2011,
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2012; Hatta et al., 2014; Rijkenberg et al., 2014]. However, vast areas of the oceans still remain where the density
of observations is inadequate or completely absent.
Sampling for trace elements along selected sections of the U.S. CLIVAR CO2 Repeat Hydrography Program
has provided an unprecedented opportunity to produce high-resolution sections of dissolved Fe and
aluminum (Al) in the upper 1000 m of the Atlantic, Paciﬁc, and Indian Oceans [Measures et al., 2008a;
Grand et al., 2014]. The principal motivations for measuring dissolved Fe and Al simultaneously on these
sections relate to the importance of dust deposition in delivering Fe to the remote ocean [Jickells et al., 2005]
and the utility of dissolved Al as a tracer of dust deposition inputs to the remote surface ocean, because
Al has no known biological requirement and has a longer residence time than Fe in the upper ocean
[Measures and Brown, 1996; Measures and Vink, 2000]. Below the surface, the distribution of dissolved
Al can be impacted by long-range transport of water masses that have been labeled with Al by dust
deposition in their ventilation region [Measures et al., 2008a], or from the resuspension of sediments and
release of pore waters near continental margins [Hatta et al., 2013; Middag et al., 2012, 2013].
The Indian Ocean is one of the most undersampled and least understood basin of the world oceans in terms
of its physical and biogeochemical dynamics [Hood et al., 2009]. The dearth of observations in the Indian
Ocean is particularly striking for Fe and Al, which have been sampled at only a handful of locations west
of Ninety East Ridge [Nishioka et al., 2013; Vu and Sohrin, 2013] and in the Arabian Sea [Saager et al., 1989;
Measures and Vink, 1999; Moffett et al., 2007; Kondo and Moffett, 2013]. Our current knowledge of the
distributions of dissolved Fe and Al is even more limited in the eastern Indian Ocean, where previous
observations consist of six soluble (<0.04 μm) Al proﬁles from 40°S to 10°N along 90°E–110°E [Obata et al.,
2004] and one full-depth vertical proﬁle of dissolved Al and Fe in the Bay of Bengal [Vu and Sohrin, 2013].
In contrast, the Southern Ocean sector of the Indian Ocean has received more attention, with repeated
observations in the naturally Fe-fertilized waters of the Kerguelen and Crozet plateaus [Sarthou et al., 1997;
van Beusekom et al., 1997; Bucciarelli et al., 2001; Planquette et al., 2007; Blain et al., 2008] and south of
Australia and Tasmania [Sohrin et al., 2000; Sedwick et al., 2008; Bowie et al., 2009].
This work is concerned with a high-resolution meridional section of dissolved (<0.4 μm) Fe and Al in the upper
1000 m of the eastern Indian Ocean obtained during the U.S. CLIVAR CO2 I08S and I09N Repeat Hydrography
sections (Figure 1). This paper identiﬁes the dominant source terms for each element from the Antarctic
margin to the Bay of Bengal in the context of the known physical and biogeochemical dynamics of the eastern
Indian Ocean. A companion paper describes the surface distribution of Al and Fe of this section in more detail,
with a particular focus on the biogeochemical impacts of dust deposition in the surface layer [Grand et al., 2015].
The data presented here allow the investigation of Fe and Al cycling across a wide range of biogeochemical
regimes and atmospheric deposition gradients. In particular, the Southern Ocean sector considered in this work
is located in the vicinity of the Kerguelen Plateau, which is characterized by negligible dust inputs and
anomalously elevated productivity. The south Indian subtropical gyre is impacted by dust emanating from
Australia and, at its northern edge, by the outﬂow of waters of Indonesian origin carried by the South
Equatorial Current (SEC). The northern end of the section allows investigation of the biogeochemistry of Fe
and Al across a remarkable biogeochemical gradient from the SEC to the Bay of Bengal. The latter is
characterized by oxygen-deﬁcient waters beneath a highly stratiﬁed surface layer, the largest dust ﬂuxes of
the transect and enormous riverine inputs of freshwater and suspended sediments from the GangesBrahmaputra and peninsular rivers discharging into the Bay of Bengal. The present data set is the ﬁrst of its
kind for the eastern Indian Ocean and will provide valuable constraints on numerical model simulations of Fe
and Al in the Indian Ocean.

2. Materials and Methods
2.1. Sample Collection and Shipboard Analysis
Seawater samples were collected aboard the R/V Roger Revelle during the U.S. CLIVAR CO2 Repeat Hydrography
I08S and I09N cruises following the trace metal clean protocols of Measures et al. [2008b]. The I08S transect
was started in the Indian sector of the Southern Ocean at the edge of the Antarctic margin (65.8°S) in late austral
summer (15 February 2007) and was completed in the central south Indian subtropical gyre (28.3°S) on 13
March 2007. Sampling resumed on the I09N transect on 27 March starting from the last station of I08S and
ending a month later (27 April 2007) at 18°N in the Bay of Bengal (hereinafter referred to as BoB). The data set
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Figure 1. Cruise track, fronts, and principal currents along the CLIVAR I08S & I09N sections. Blue dots show the 85 trace metal
stations sampled. The color bar legend refers to the bathymetry. ACC: Antarctic Circumpolar Current; SKP: Southern Kerguelen
Plateau; FT: Fawn Trough; NKP: Northern Kerguelen Plateau; SACCF: South ACC Front; PF: Polar Front; SAF: Sub-Antarctic
Front; STF: Subtropical Front; SZ: Southern Zone; AZ: Antarctic Zone; PFZ: Polar Frontal Zone; SAZ: Subantarctic
Zone; SIOC: South Indian Ocean Current; SEC: South Equatorial Current; ITF: Indonesian Throughﬂow; SECC: South
Equatorial Counter Current; SMC: Southwest Monsoon Current; BoB: Bay of Bengal; SLD: Sri Lanka dome. Double headed
arrows denote seasonally reversing (monsoonal) currents. The red dashed rectangle shows the seasonally productive
region of the Sri Lanka dome (SLD).

encompasses a total of eighty-ﬁve 12-depth vertical proﬁles spaced at approximately 1° intervals in the upper
1000 m of the eastern Indian Ocean along 82°E–95°E (Figure 1). There are gaps in the coverage near 55°S
and 50°S in the Southern Ocean, because rough seas prevented deployment of the trace metal rosette from the
stern of the ship.
Upon recovery of the rosette, seawater samples were ﬁltered in a clean van through 0.4 μm acid washed
47 mm polycarbonate (GE-Poretics K04CP04700) track-etched membrane ﬁlters [Measures et al., 2008b]. The
ﬁltrates were stored in the dark in an airconditioned laboratory container at ~25°C in 125 mL acid-cleaned
polymethylpentene (PMP) bottles until shipboard analysis, which was usually performed within 48 h of
collection. Prior to analysis, the ﬁltered samples were acidiﬁed with 125 μL of 6 M HCl, which was puriﬁed by
GRAND ET AL.
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sub-boiling point distillation in a quartz glass still. The PMP bottles containing the acidiﬁed samples (pH = 2.2)
were then heated to 60 ± 10°C in a 900 W microwave oven and allowed to cool to ambient temperature
for about 1 h. Analysis of dissolved Fe and Al (hereinafter referred to as dFe and dAl, respectively) was
performed in groups of 24–36 samples using the ﬂow injection analysis (FIA) protocols of Measures et al.
[1995] and Resing and Measures [1994], respectively. The FIA manifold was calibrated at regular intervals using
ﬁltered seawater of low dFe and dAl content prepared in the same way as the samples and spiked with
commercial Fe and Al standards. The PMP bottles containing the stock standards were stored in a refrigerator
at 4°C within a double plastic bag to prevent evaporation. The detection limits, deﬁned as 3 times the
standard deviation of replicate 2.5 mL loads (n = 16) of a Southern Ocean surface sample, were 0.07 nM for
dFe and 0.30 nM for dAl.
The FIA system dFe blank was estimated by spiking an acidiﬁed seawater sample (pH = 2.2) with 80 μM
ethylenediaminetetraacetic acid (EDTA) and analyzing it along with unspiked samples during an analytical
run day. The resulting signal was then subtracted from all raw dFe values produced on that day. No
detectable acid or sample buffer blank was identiﬁed with the Al system. When necessary, the dFe and dAl
data were drift corrected using the slopes of the calibration curves to compensate for variations in
instrumental sensitivity during the course of a day.
2.2. Data Quality Control and Data Repository
Data quality ﬂags were assigned to dFe and dAl data following the World Ocean Circulation Experiment
(WOCE) ﬂag convention. A linear regression between the conductivity-temperature-depth (CTD) salinity and
that measured on discrete water samples was used to identify GO-FLO sampling bottles that did not close at
the speciﬁed depth. These samples were excluded from further analyses. Outliers observed on individual dFe
and dAl vertical proﬁles were carefully examined before assigning a quality ﬂag. If the magnitude of the
observed anomaly was inconsistent with data from adjacent stations and/or other hydrographic parameters
(salinity, θ, N, P, and Si), then the sample was excluded due to suspected contamination. The EDTA blank
correction for dFe was exceptionally high for 13 consecutive stations between 41.5°S and 28.3°S and applying
the correction yielded slightly negative surface dFe values at some stations in this latitudinal band. Typically,
the magnitude of the FIA system blank for dFe is veriﬁed postcruise by comparing a subset of each day’s
shipboard run against data obtained by inductively coupled plasma–mass spectrometry (ICP-MS) analysis on
replicate stored samples [Measures et al., 2008b]. Unfortunately, it was only possible to compare our dFe data
with those of ICP-MS at four stations in the Bay of Bengal, because the remaining stored sample bottles
appeared to be contaminated with dFe. Since we are unsure of the validity of this part of the data set, we
conservatively excluded the dFe data from 41.5°S to 28.3°S. Overall, 4% and 18% of the analyzed dAl and dFe
samples were eliminated, respectively.
The SAFe reference standards were not analyzed during this cruise because the pH of that standard is
incompatible with our shipboard methodology, which was originally designed to handle samples acidiﬁed
with 1 mL 6 M HCl/L, not the 4 mL 6 M HCL/L of the SAFe standards. Nevertheless, we were able to compare our
shipboard dFe values with those run via ICP-MS at four stations in the Bay of Bengal, where the stored replicate
samples did not appear to be compromised. At the four stations in the Bay of Bengal, an ordinary least
squares ﬁt between the shipboard and ICP-MS dFe data sets suggests that there is no apparent offset between
the two methods (slope ± SE = 1.01 ± 0.06; intercept ± SE: 0.05 ± 0.06; R2 = 0.90, n = 33). The accuracy of the
ICP-MS determinations at these four stations was assessed by analyzing the SAFe reference samples. The dFe
values measured by ICP-MS in the SAFe-S and SAFe-D2 samples were 0.099 ± 0.054 nM (n = 3) and 0.890
± 0.09 nM (n = 3), respectively, and compare well with the consensus values (SAFe-S: 0.093 ± 0.008 nM; SAFe-D2:
0.933 ± 0.023 nM).
All dFe and dAl data and ancillary parameters (e.g., Lowered Acoustic Doppler Current Proﬁler (LADCP)
velocities and dissolved inorganic carbon (DIC)) used in this paper are publicly available on the CLIVAR &
Carbon Hydrographic Data Ofﬁce website (CCHDO) using ExpoCodes 33RR20070204 and 33RR20070322
for I08S and I09N, respectively (http://cchdo.ucsd.edu). Note that particulate metal concentrations in total
suspended matter collected on the 0.4 μm acid washed 47 mm polycarbonate ﬁlters were analyzed by
energy-dispersive X-ray ﬂuorescence as described in Barrett et al. [2012]. Although these data will be
published elsewhere, we refer to a subset of this data set in the interpretation of our dFe and dAl data in the
Southern Ocean and Bay of Bengal.
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Figure 2. Property distributions along the CLIVAR I08S and I09N cruise tracks contoured using Ocean Data View 4.6.2 [Schlitzer, 2014]. (a) Salinity with overlaid potential
1
1
1
density contours (σ 0), (b) dissolved oxygen (μmol kg ), (c): dAl (nM), (d) dFe (nM), (e) LADCP zonal velocity (m s ), and (f) nitrate (μmol kg ). Note that the color
bar of the dAl plot only ranges from 0 to 12 nM (compared to the observed range of 0.3–32.35 nM) to minimize loss of detail at the lowest dAl levels (Figure 2c). We also
altered the linearity of the color mapping scale of the dFe contour plot to reveal details of the distribution in the Bay of Bengal (Figure 2d). The colored diamonds
show the position of the Southern Ocean fronts (see text) and South Equatorial Current (brown diamond). ASW: Antarctic Surface Water; SASW: Subantarctic Surface
Water; UCDW: Upper Circumpolar Deep Water; AAIW: Antarctic Intermediate Water; SAMW: Subantarctic Mode Water; STUW: Subtropical Under Water; ITW: Indonesian
Throughﬂow Water; IIW: Indonesian Intermediate Water; BBW: Bay of Bengal Water; NICW: North Indian Central Water; ACC: Antarctic Circumpolar Current; SICC:
South Indian Counter Current; SEC: South Equatorial Current; SECC: South Equatorial Counter Current; SMC: Southwest Monsoon Current; SIO Gyre: South Indian Ocean
Gyre; ITF: Indonesian Throughﬂow.

3. Results and Discussion
We subdivide the cruise track into three hydrographic regimes: the Southern Ocean domain (65.8°S–38°S),
the south Indian subtropical gyre and Indonesian Throughﬂow plume (38°S–15°S), and the northern Indian
Ocean and Bay of Bengal regime (15°S–18°N). Contour plots of salinity, oxygen, dAl, dFe, LADCP zonal
velocity, and nitrate are shown in Figure 2 along with the position of the principal water masses, fronts, and
currents identiﬁed on the I08S and I09N transects. All acronyms used in this paper that refer to the water
masses, currents, and hydrographic provinces are deﬁned in the captions of Figures 1 and 2.
The most striking features in the dAl distribution are the uniformly low values characterizing the Southern Ocean
domain (≤1 nM), the sharp concentration gradient in dAl below 100 m at the northern boundary of the Southern
Ocean near 45.5°S, and two regions of elevated dAl at the northern edge of the south Indian subtropical
gyre and in the BoB (Figure 2c). The distribution of dFe shows an entirely different pattern across the section
(Figure 2d). Elevated dFe values were measured in the immediate vicinity of the Antarctic shelf (up to 1.67 nM)
and below 200 m beginning at the SEC and extending to the BoB (Figure 2d), where dFe concentrations
were greater than 1 nM from 300 to 700 m with maximum concentrations east of Sri Lanka (~8°N–10°N). The
lowest dFe levels were observed throughout the water column of the south Indian subtropical gyre (Figure 2d).
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In the following section, we describe the circulation, water masses, and other relevant hydrographic features in
relation to the distribution of dFe and dAl in the upper 1000 m of each hydrographic domain. We will discuss
the most striking features of the dAl and dFe distributions, their most probable origins, and biogeochemical
implications starting from the Southern Ocean domain (65.8°S–38°S) and ending at the northernmost stations
in the BoB (18°N).
3.1. Southern Ocean Domain (65.8°S–38°S)
3.1.1. Oceanographic Setting
The eastward ﬂowing Antarctic Circumpolar Current (ACC) governs the circulation of the Southern Ocean
domain. In our study area, the ACC circulation is greatly impacted by the shallow topography (<2000 m) of
the Kerguelen Plateau (Figure 1), which constitutes a major barrier to the ACC. According to Park et al. [2009],
about 60% of the total ACC transport passes north of Kerguelen Island. The remaining 40% is mostly channeled
through Fawn Trough, a deep gap (~2650 m) which divides the Kerguelen Plateau into the northern and
southern plateaus near 56°S (Figure 1). The ACC ﬂow is concentrated in three main fronts that were identiﬁed
using the property criteria of Orsi et al. [1995]. These fronts separate zones with relatively uniform
temperature/salinity (T/S) and macronutrient properties. The Southern Ocean domain is bounded to the
north by the Subtropical Front (STF) near 38°S, whose position varies between basins and is sometimes more
poorly deﬁned than the principal ACC fronts, and to the south by the Southern Boundary (SB), which appears to
merge with the South ACC front (SACCF) near 63°S on the I08S section (Figure 1). The Subantarctic Front (SAF),
the strongest jet of the ACC ﬂow ﬁeld, was positioned near 49°S. The Polar Front (PF) was placed in a band
spanning 3° of latitude (57°S–54°S) because a great deal of variability obscured its positioning using the
subsurface temperature criterion of Orsi et al. [1995]. We note that similar ambiguity in deﬁning the location of
the PF was also reported during a previous occupation of the I08S transect [McCartney and Donohue, 2007].
While this could reﬂect multiple ﬁlaments of the PF, the variability in properties could also be related to the large
poleward meander of the PF downstream of the Kerguelen Plateau and the eddy-rich ﬂow ﬁeld of the Polar
Frontal Zone [Belkin and Gordon, 1996; McCartney and Donohue, 2007]. The ACC fronts separate four zones
[Talley et al., 2011]: the Southern Zone (SZ) poleward of the SACCF, the Antarctic Zone (AZ) between the SACCF
and the northern branch of the PF (54°S), the Polar Frontal Zone (PFZ) from the PF to the SAF, and the
Subantarctic Zone (SAZ), which extends from the SAF to the STF (Figures 1 and 2).
Antarctic Surface Water (ASW) and Subantarctic Surface Water (SASW) occupy the upper ocean south of the
PF and north of the SAF (Figure 2a), respectively [Talley et al., 2011]. The transition from ASW to SASW is
accompanied by an increase in salinity, a gradual drop in oxygen and nitrate concentrations, a near-complete
depletion of dissolved silica and a northward decrease in surface dFe from 0.46 ± 0.22 nM (n = 5) in the SZ,
0.23 ± 0.10 nM (n = 8) in the AZ, to 0.17 ± 0.06 nM (n = 10) in the PFZ&SAZ. Intermediate-depth water masses
in this region include Upper Circumpolar Deep Water (UCDW) and Antarctic Intermediate Water (AAIW).
UCDW shoals to about 100 m near the SACCF and has origins in the deep Paciﬁc and Indian oceans
[Whitworth and Nowlin, 1987; Orsi et al., 1995]. UCDW is the subsurface oxygen minimum (<180 μmol kg 1)
lying at density values 27.35 kg m 3 < σ θ < 27.75 kg m 3, which shoals to about 150 m between the SACCF and
the southern branch of the PF (57°S). It can be visualized as the tongue of elevated nitrate poleward of the
30 μM nitrate contour (Figure 2f). On this section, the mean dFe concentration of UCDW was 0.51 ± 0.16 nM
(mean ± 1 SD, n = 19), comparable to the 0.4–0.5 nM dFe range reported in other sectors of the Southern
Ocean [Hoppema et al., 2003 and references therein]. The core of the low salinity AAIW is centered at
σ θ = 27.2 kg m 3 and is found between the SAF and the northern reaches of the south Indian subtropical
gyre [Fine, 1993; Wong, 2005].
3.1.2. Advection of dAl Enriched Waters From the Agulhas Region
Except in the SZ, where dAl values reached up to 2.1 nM, the concentration of dAl in the Southern Ocean
poleward of the SAF was uniformly low with values generally below 1 nM in the upper 1000 m (Figure 2c). In
fact, in the Southern Ocean (65.8°S–38°S), 55 samples out of 287 (~19%) had dAl levels equal to or less than
the analytical detection limit (~0.3 nM). From the SACCF to the SAF, the dAl proﬁles were nearly featureless,
exhibiting only small concentration gradients from the surface to 1000 m. A surface dAl maximum and a
subsurface minimum were observed in some proﬁles [e.g., Middag et al., 2011], but this was not a consistent
feature and the differences were not signiﬁcantly greater than the analytical uncertainty. Our data conﬁrm
that dAl concentrations in the Southern Ocean are among the lowest found in the global ocean with values
typically less than 1 nM throughout the main thermocline (Figure 2c). Middag et al. [2011] report dAl in the
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upper 1000 m of the ACC along the Greenwich meridian averaging 0.74 ± 0.44 nM (±1 SD, n = 94), which
matches our mean dAl concentration of 0.79 ± 0.60 nM (n = 229) from all ACC stations in this study. Surface
dAl (<25 m) from the Antarctic margin to the STF was 0.54 ± 0.25 nM (n = 25), comparable to previous reports
near the Greenwich meridian (0.71 ± 0.43 nM [Middag et al., 2011]), Drake Passage (0.39 ± 0.21 nM [Middag
et al., 2012]), and southeast of New Zealand (0.38 ± 0.05 nM [Measures and Vink, 2000]). The low dAl levels
that characterize the remote Southern Ocean reﬂect the negligible mineral dust inputs impacting the surface
of the circumpolar ocean [Grand et al., 2015] and the subsequent subduction of these dAl-depleted water
masses into the ocean interior. The lack of a signiﬁcant margin imprint of dAl compared to dFe has been
previously observed near Drake Passage [Hatta et al., 2013; Measures et al., 2013]. Whether this is a result of
the inhibiting effect of elevated Si levels on dAl release from resuspended shelf sediments in Antarctic
regions [Van Hulten et al., 2014] is unknown at this time.
The most striking feature in the dAl distribution in the eastern Indian sector of the Southern Ocean (>38°S) is
the sharp dAl concentration gradient below 100 m between the SAF and the STF (Figure 2c). A closer look at
three vertical dAl proﬁles sampled within this region from 47°S to 45°S shows that dAl levels below 100 m
increase by more than 0.5 nM over a degree of latitude (Figure 3a). In the Crozet Basin near 60°E, van
Beusekom et al. [1997] observed a meridional trend in unﬁltered Al that is strikingly similar to the one we
observed, that is, low Al values (<1 nM) throughout the water column poleward of 50°S and a sharp front
near 45°S separating Al-depleted circumpolar waters from Al-rich subtropical waters (>4 nM). At the Crozet
Basin and along the present section, the transition from low to high Al waters was accompanied by a
signiﬁcant increase in salinity and potential temperature (Figure 3b), suggesting that the meridional increase
in dAl concentrations is the product of advected subtropical waters. In the Crozet region, van Beusekom et al.
[1997] attributed the sharp meridional increase in Al to the Agulhas Return Current and speculated that
this current carries waters imprinted with a dust signal between Africa to the Crozet Basin, which would
be preserved due to minimal scavenging removal along the transport pathway. An advected dAl signal
emanating from Africa is consistent with the adjusted steric height maps of Reid [2003]. These maps display
streamlines ﬂowing southward along the east coast of Africa as part of the Agulhas Current system,
which then loop eastward along the latitudinal band (~45°S–40°S) where we observed the discontinuity
in the dAl distribution (Figures 2c and 3a). Recent data from seven stations of the CLIVAR I05 section
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Figure 4. Mean climatological austral spring (October–December) surface chlorophyll-a levels (mg m ) from 1997 to
2010 in the southeast Indian Ocean based on SeaWiFS satellite imagery. The black diamonds show trace metal stations
sampled on the I08S cruise track. SeaWiFS data retrieved from http://oceanwatch.pifsc.noaa.gov.

(M. M. Grand et al., The impact of circulation and dust deposition in controlling the distributions of dissolved
Fe and Al in the south Indian subtropical gyre, manuscript in preparation, 2015) that crossed the Reid [2003]
streamlines in the Agulhas Current along 32°S and 30.3°E–32.2°E showed that the mean dAl concentrations
were 4.5 ± 0.9 nM and 3.0 ± 0.3 nM, between potential density contours 26.6–26.8 and 26.8–27.2 kg m 3,
respectively. We measured 1.5 ± 0.5 and 2.1 ± 0.6 nM dAl within the same density intervals at seven stations
just north of the dAl concentration gradient (>46°S). Figure 3b also shows that the T/S properties of the
CLIVAR I08S stations where the gradient in dAl occurs tend to approach the linear T/S properties of the central
waters observed during the CLIVAR I05 section between σ θ = 26.6–27.2 kg m 3 near the south African shelf.
Therefore, the sharp increase in dAl concentrations observed at ~45°S along 95°E seems consistent with a dAl
signal eroded via mixing and scavenging processes that originated from the Agulhas Current region. Although
van Beusekom et al. [1997] attributed the dAl enrichment at the edge of the Southern Ocean domain to a
subducted and advected dust signal, it is also possible that the resuspension of shelf sediments along the
advective pathway of the Agulhas Current along the coast of Africa contributes to the dAl enrichment observed
along our cruise track.
3.1.3. Elevated Subsurface dFe South of the Polar Front
Figure 4 shows the mean austral spring (October–December) surface chlorophyll-a levels from 1997 to 2007
based on Sea-viewing Wide Field-of-view Sensor (SeaWiFS) imagery in the eastern Indian sector of the
Southern Ocean. This satellite chlorophyll-a climatology and the recent model estimates of net primary
productivity of Takao et al. [2012] show that the I08S cruise track transected two anomalously productive
sectors of the high-nutrient low-chlorophyll (HNLC) Southern Ocean. The ﬁrst extends from the Antarctic
margin until the ice limit deﬁned by Park et al. [1998] near 56°S–58°S and is possibly fueled by the advection
of Antarctic waters from the south carrying biomass and nutrients along the western ﬂank of the southern
Kerguelen Plateau [Rintoul et al., 2008]. The second productive zone, north of PF, has been attributed to
natural Fe fertilization, with the Fe supplied via resuspension of shelf sediments and lateral transport of
waters that have been in contact with the plateau’s sediments [Blain et al., 2008; Chever et al., 2010]. In the
following, we compare our mean Southern Ocean dFe concentrations with historical observations and then
discuss the principal sources of dFe in relation to the circulation and productivity patterns that characterize
our study area (Figure 4).
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Table 1. Dissolved Fe (dFe) Statistics (mean ± 1 SD) South and North of
the Polar Front From This Study Compared With a Recent Compilation
a
of Historical Observations in the Indian Sector of the Southern Ocean

Table 1 lists the mean dFe values
observed south and north of the
northern branch of the PF (54°S)
b
Depth Range (m)
This Study
Database
along with the measurement
AZ(<54°S)
0–100
0.34 ± 0.15
0.43 ± 0.51
compilation statistics of Tagliabue
100–500
0.64 ± 0.28
0.32 ± 0.24
et al. [2012] for the Indian sector of
500–1000
0.69 ± 0.22
0.28 ± 0.14
the Southern Ocean (20°E–180°E). Note
PFZ&SAZ(54°S–38°S)
0–100
0.18 ± 0.10
0.23 ± 0.20
that seven stations with a bottom depth
100–500
0.27 ± 0.11
0.24 ± 0.19
shallower than 2000 m (near the
500–1000
0.53 ± 0.12
0.30 ± 0.11
Antarctic margin and above the
a
AZ: Antarctic Zone; PFZ&SAZ: Polar Frontal Zone and Subantarctic Zone.
southern extension of the Kerguelen
b
Tagliabue et al. [2012].
Plateau near 60°S) were excluded from
the statistics displayed in Table 1 to
ensure a meaningful comparison with the deﬁnition of “off-shelf” used in the database of Tagliabue et al.
[2012]. On the I08S transect, the mean dFe concentrations in the upper (0–100 m), intermediate (100–500 m),
and deep (500–1000 m) depth intervals were signiﬁcantly higher in the Antarctic Zone (AZ) than in the Polar
Frontal Zone and Subantarctic Zone combined (PFZ&SAZ; Mann–Whitney U test, p < 0.05). This overall trend of
decreasing dFe concentrations to the north in surface and intermediate waters is consistent with the
aforementioned database (Table 1). However, our mean dFe concentrations were more than twice those of the
database in AZ waters deeper than 100 m and also in the deepest depth interval of the PFZ&SAZ (500–1000 m;
Table 1). This database does not include the region of our cruise track above and downstream of the Kerguelen
Plateau, which, as we discuss later, is the most likely source for this subsurface dFe enhancement.
Poleward of the PF, potential dFe sources to the upper layers include sedimentary inputs [Dulaiova et al.,
2009; Ardelan et al., 2010; de Jong et al., 2012; Measures et al., 2013; Hatta et al., 2013; Klunder et al., 2014], the
seasonal melting of sea ice and icebergs enriched in dFe from shelf and dust inputs [Lannuzel et al., 2007,
2010; Lin et al., 2011], and upwelling inputs from deep waters [de Baar et al., 1995; Croot et al., 2004; Klunder
et al., 2011]. The latter process may lift the ferricline to shallower depths [Sokolov and Rintoul, 2007; Boyd and
Ellwood, 2010], thereby facilitating the entrainment of dFe-rich deep waters into the euphotic zone during
deep winter mixing [Nishioka et al., 2011; Tagliabue et al., 2014b]. Dust deposition is a negligible source of
dFe to surface waters of the Southern Ocean domain [Tagliabue et al., 2014a]. Indeed, using mixed layer
dAl data from our cruise track and a modiﬁed version of the Measurement of Al for Dust Calculations in
Oceanic Waters model (MADCOW) [Measures and Brown, 1996; Grand et al., 2015] calculated that the
dissolution of mineral dust could supply 1.2 ± 1.1 μmol m 2 yr 1 of dFe to surface waters of the Southern
Ocean domain. This aeolian ﬂux is small relative to the mean dFe inventory (12 ± 5 μmol m 2, n = 23)
observed in the mixed layer (53 ± 20 m, n = 23) of our Southern Ocean domain and nearly 20 times smaller
than the mean winter entrainment pulse of dFe (21.1 μmol m 2 yr 1) recently estimated for the Southern
Ocean [Tagliabue et al., 2014b].
Poleward of the SACCF (63°S), in the Southern Zone (SZ), the most important dFe sources are most likely shelf
inputs from the Antarctic margin at depth and the seasonal melting of fast ice and grounded icebergs near
the surface. Elevated dFe concentrations (0.64–1.67 nM) were observed at all depths at the two stations
closest to the Antarctic shelf (bottom depth 450 m), consistent with previous observations in other Antarctic
sectors that attributed enhanced dFe to shelf sediments [Sohrin et al., 2000; Sedwick et al., 2008; Klunder et al.,
2011; Hatta et al., 2013; Measures et al., 2013]. Two lines of evidence support the existence of sedimentary Fe
inputs in the SZ. The ﬁrst is the absence of correlation between dFe and apparent oxygen utilization (AOU)
from the base of the mixed layer to the depth of the oxygen minimum in the dense and cold waters of
the SZ (σ 0 > 27.5 kg m 3, θ < 0°C), implying that remineralization processes are not the sole source of dFe
there (data not shown). In contrast, dFe and AOU are linearly correlated farther north in the AZ and PFZ&SAZ,
suggesting that sedimentary dFe inputs in these regions do not overwhelm the dFe signal resulting from the
remineralization of organic matter (data not shown). The second is that unlike any other region sampled
along the cruise track, dAl and dFe were positively correlated throughout the water column of the SZ
(R2 = 0.68, n = 44; Figure 5). This correlation implies that a common process, presumably of sedimentary
origin, regulated their distributions (Figure 5). The surface freshening (Figure 2a) and elevated yet spatially
variable dFe concentrations (0.46 ± 0.22 nM, n = 5) observed at all stations of the SZ suggest that the melting
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of fast ice and grounded icebergs
enriched in particulate and dissolved Fe
is another possible source of dFe to
surface waters of the SZ [Lannuzel et al.,
2007, 2010, 2014].

1.8
1.6
1.4

dFe [nM]
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1.2

Farther north, in the AZ, two mechanisms
related to the interaction of the ACC with
the shallow topography of the southern
0.8
Kerguelen Plateau may be invoked to
0.6
dFe=0.63±0.06 × dAl + 0.33±0.05
explain the anomalously elevated dFe
r=0.8231, n=44
0.4
concentrations that we observed
deeper than 100 m (Table 1). The ﬁrst
0.2
mechanisms involve the northward
0
meander that the ACC executes around
0
0.5
1
1.5
2
2.5
the western ﬂank of the Kerguelen
dAl [nM]
Plateau prior to passing through the
Figure 5. Dissolved Fe versus dissolved Al in the Southern Zone,
Fawn Trough (Figure 1), which truncates
poleward of the SACCF (<63°S). The dashed line and equation were
the southern and northern portions of
produced based on a Type II regression between dFe and dAl (reduced
the Kerguelen Plateau near 56°S, 78°E
major axis method). Note that 13 samples with dAl less than the
instrumental detection limit (0.3 nM) were neither plotted nor included in
[Rintoul et al., 2008; Roquet et al., 2009]. In
the regression analysis.
their investigations of the origin of the
large sea ice tongue that recurrently
forms near 85°E above the southern Kerguelen Plateau, Rintoul et al. [2008] observed and modeled strong
northward currents near 85°E that likely carry sea ice and waters from the SZ to the latitude of the Fawn
Trough (Figure 1). Offshore ﬂow near 85°E may also carry dFe-enriched waters northward, which, as we
showed above, likely received dFe from shelf sediments at depth (Figure 5) and ice melt inputs near the
surface. The second mechanism that may contribute to the elevated dFe observed below the mixed layer in
the AZ revolves around the possibility of enhanced upwelling above the southern Kerguelen Plateau due to
the bottom pressure torque that results from the interaction of the ACC with the shallow bathymetry
(<2000 m) of the plateau [Sokolov and Rintoul, 2007] and/or enhanced vertical mixing associated with strong
internal tides [Park et al., 2008]. Such processes may enhance the uplift of dFe-rich deep waters to shallower
depths, thereby contributing to the anomalously elevated values that we observed deeper than 100 m in
the AZ relative to other Southern Ocean regions devoid of shallow bathymetry (Table 1). In this regard, it
is worth noting that the recurrent annual blooms observed in the vicinity of major bathymetric features
around the Southern Ocean (including our study region across Kerguelen Plateau) appear to coincide with
model outputs of enhanced vertical velocities [Sokolov and Rintoul, 2007]. This observation suggests that
topographic upwelling is an important process that could supply deep dFe to the upper layers and fuel
the hot spots of productivity observed near bathymetry along the ﬂow path of the ACC. In summary, we
speculate that the offshore advection of dFe rich waters from the SZ near 85°E and enhanced upwelling
above the southern Kerguelen Plateau are likely to sustain the elevated dFe values that we observed below
the mixed layer in the AZ of our cruise track. The entrainment of these dFe-rich subsurface waters into the
euphotic zone during deep winter mixing [Measures and Vink, 2001; Tagliabue et al., 2014b] may also contribute
to the hot spot of productivity that characterize the AZ of our cruise track in austral spring (Figure 4).
3.1.4. Elevated Subsurface dFe in the PFZ-SAZ Downstream of Kerguelen Plateau
The Kerguelen bloom is one of the largest recurrent blooms of the Southern Ocean and appears to be
fueled in dFe via lateral transport of waters that have been in contact with the plateau’s sediments as
well as enhanced vertical mixing of dFe-rich deeper waters [Moore and Abbott, 2000; Chever et al., 2010;
Park et al., 2008]. The bloom typically extends 1000–2000 km downstream of the Kerguelen Fe source in
a matter of weeks, which is much shorter than the 2–3 month period required for transport by the ACC
over such a distance [Mongin et al., 2009]. This excludes the possibility that the spatial extent of the
Kerguelen Bloom is simply a product of advection and suggests that there is potentially enough dFe of
Kerguelen origin advected during the unproductive winter season to produce and sustain the bloom
when favorable light and stratiﬁcation conditions return [Mongin et al., 2009].

GRAND ET AL.

1

©2015. American Geophysical Union. All Rights Reserved.

384

Global Biogeochemical Cycles

10.1002/2014GB004920

Particulate Fe [nM]

The PFZ&SAZ sampled in this study encompasses
four stations located ~1500 km southeast of the
STA19−AZ
naturally Fe fertilized area of the Kerguelen-Heard
STA21−AZ
Plateau [Blain et al., 2008]. We observed a great
STA48−Kerguelen SAZ
100
STA50−Kerguelen SAZ
deal of variability in the vertical dFe proﬁles and
T/S plots at the four PFZ stations that were within
200
the annual Kerguelen bloom (Figure S1 in the
supporting information). This variability may
300
reﬂect the presence of a dense ﬁeld of mesoscale
eddies spanning across the PFZ-SAZ inferred from
sea surface height altimetry maps of February
400
2007 (Figure S2). Our mean dFe values in the
PFZ-SAZ compare well with the database of
500
Tagliabue et al. [2012], except in the 500–1000 m
depth interval, where our values were signiﬁcantly
600
higher (Table 1). Several processes may act in
concert to produce elevated deep dFe levels
(500–1000 m) on our cruise track, downstream of
700
the Kerguelen Plateau. In the ﬁrst, discussed
previously,
interaction of the ACC with the
800
Kerguelen Plateau could enhance vertical mixing
[Sokolov and Rintoul, 2007; Park et al., 2008].
900
This may entrain dFe-rich waters to shallower
depths and this anomaly could be propagated
1000
~1500 km to our cruise track [Sokolov and Rintoul,
2007]. It is also possible that a sedimentary
Figure 6. Particulate Fe (>0.4 μm) proﬁles in the Antarctic
signal emanating from the Kerguelen Plateau’s
Zone (AZ) and in the Subantarctic Zone (SAZ) downstream
sediments is advected to our cruise track. In this
of the Kerguelen Plateau. Note the elevated subsurface pFe
regard, the particulate Fe proﬁles (>0.4 μm)
values >300 m at the two stations downstream of Kerguelen
Plateau. Particulate Fe concentrations determined by ED-XRF
measured on the cruise show a distinct tongue of
as in Barrett et al. [2012].
elevated particulate Fe centered near 50°S and
deeper than 300 m in the SAZ downstream of
Kerguelen Plateau relative to stations sampled
in the AZ near Fawn Trough (Figure 6). It would take approximately 87–174 days for a water mass in contact
with the plateau’s sediments to travel the ~1500 km separating the plateau from our cruise track assuming
an eastward ACC ﬂow of 0.1–0.2 m s 1 below 500 m in the PFZ-SAZ. Considering that the residence
time of pFe in SAZ waters southeast of New Zealand was estimated to be on the order of 100 days
[Frew et al., 2006], it is conceivable that the remnants of a particulate and dFe signal emanating from the
plateau’s sediments could be transported and detected along our cruise track. Finally, organic matter
remineralization could also contribute to the elevated subsurface dFe observed in the PFZ-SAZ since we
sampled the region in late February at the end of the annual Kerguelen bloom when surface chlorophyll-a
levels had returned to background levels (<0.3 mg m 3).
0.4

0.6

0.8

1

Depth [m]

0

0.2

3.2. Subtropical Gyre and Indonesian Throughﬂow Plume (38°S–15°S)
3.2.1. Oceanographic Setting
We deﬁne the south Indian subtropical gyre as the region extending from the Subtropical Front (STF) to the
westward ﬂowing South Equatorial Current (SEC) near 15°S (Figure 1). The circulation in the upper 200 m of the
central gyre is dominated by the northeastward ﬂowing South Indian Counter Current (SICC) and conforms
to the anticyclonic gyral circulation deeper than 200 m [Reid, 2003; Siedler et al., 2006; Talley et al., 2011].
The upper thermocline is composed of Subtropical Underwater (STUW), characterized by an equatorward
spreading salinity maximum in the upper 300 m of the gyre (Figure 2a). In the southern reaches of the
gyre at the base of the STUW, Subantarctic Mode Water (SAMW) occupies the water column between
σ θ = 26.6 and 26.8 kg m 3 (Figure 2a). SAMW is a product of the Southern Ocean subantarctic zone and is
formed during deep winter convection. This process yields a thick water mass of relatively uniform

GRAND ET AL.

©2015. American Geophysical Union. All Rights Reserved.

385

Global Biogeochemical Cycles

10.1002/2014GB004920

properties that is subducted northward into the subtropical gyre. On this section, we sampled the densest
variety of SAMW (also known as Southeast Indian Subantarctic Mode Water (SEISAMW)), which probably
originated from the subantarctic region south of Australia [Karstensen and Tomczak, 1997; Wong, 2005;
Koch-Larrouy et al., 2010]. Below the SAMW and deeper than 750 m lies the characteristic salinity minimum
of AAIW, which extends to about 20°S in the gyre (Figure 2a).
At the northern end of the gyre, the SEC carries low-salinity waters of the Indonesian Throughﬂow (ITF)
westward at surface and intermediate depths across the Indian Ocean [Gordon et al., 1997; Schott and
McCreary, 2001; Talley and Sprintall, 2005]. On this section, the ITF outﬂow was associated with a sharp
surface salinity front near 15°S (Figure 2a), a well-deﬁned zone of westward velocities in the upper
200 m (Figure 2e) and a bullet of fresh and silica-rich (>80 μM) waters extending from 15°S to 11°S at
intermediate depths (>800 m), which characterizes Indonesian Intermediate Water (IIW). The upper ITF
layer is commonly referred to as Indonesian Throughﬂow Water (ITW) and ﬁlls the upper 400 m of
the water column. Note that this water mass is also referred to as Australasian Mediterranean Water
(AAMW [You and Tomczak, 1993]) but we use the more recent ITW naming convention, which is more explicit
in terms of its source region.
3.2.2. Australian Dust Deposition and Indonesian Throughﬂow
The most striking feature in the subtropical dAl distribution is the region of elevated values (>4 nM) centered
near 18°S and extending from the surface to about 400 m at the northern edge of gyre (Figure 2c). The
surface maxima (up to 11.7 nM) of all vertical dAl proﬁles in this region result from the deposition and
dissolution of mineral dust emanating from Australia [Grand et al., 2015]. This signal is then injected into the
upper 200 m of the gyre via subduction along outcropping isopycnals from ~25°S to 18°S (Figures 2a and 2c).
Low scavenging rates arising from the low productivity of the south Indian gyre likely play a role in the
maintenance of this zone of elevated dAl, consistent with the lack of pronounced subsurface dAl minima in
the vertical dAl proﬁles of the gyre.
The elevated dAl concentrations observed at the northern limb of the south Indian subtropical gyre may
also reﬂect the lateral advection of ITF waters (Figure 2c), which are imprinted with a signiﬁcant surface
228
Ra signal from shelf sediments and a speciﬁc surface rare earth element pattern sourced from the
Paciﬁc and Indonesian Seas [Nozaki and Yamamoto, 2001; Alibo and Nozaki, 2004]. In particular, the
outﬂow of ITF waters could be invoked to explain the origin of the elevated dAl levels (>4 nM) observed
below 200 m (σ θ > 25.5 kg m 3) from 20°S to 10°S, which cannot be a product of subduction since the
isopycnals occupying this depth range outcrop south of 30°S where the surface dAl concentrations were
less than 4 nM (Figure 2c). In this regard, we note that some of the highest dAl concentrations of the gyre
overlap with the position of the westward ﬂowing SEC (Figures 2c and 2e). In addition, the sharp decline
in dAl at the northern boundary of the region of elevated dAl near 10°S coincides with a reversal in
LADCP current velocities, marking the transition from the westward ﬂowing SEC to the eastward ﬂowing
South Equatorial Counter Current (SECC; Figure 2e). If the lateral transport of ITF waters was the principal
source of dAl at the northern limb of the south Indian subtropical gyre, one would expect to observe
a negative gradient in dAl concentrations from the ITF outﬂow to our cruise track because some of the
dAl should be lost via mixing and scavenging processes along the ﬂow path of the SEC. However, our
dAl concentrations within the core of the SEC at 12.5°S were generally higher than the soluble Al data
(<0.04 μm) of Obata et al. [2004] collected near the ITF outﬂow at 12.5°S, 117°E (Figure S3). This may
result from interannual variations in the strength or interaction of the ITF with sediments between
the 10 years that separated our sampling from that of Obata et al. [2004]. More observations in the
Indonesian seas and along the advective ﬂow path of the SEC are needed to investigate the potential
role of the ITF in supplying dAl and perhaps other trace elements across the northern limb of the south
Indian subtropical gyre.
Deep dAl values were relatively uniform across the gyre and ITF plume region with a mean concentration of
2.5 ± 0.3 nM (n = 20, >980 m). The only other published dAl data in the south Indian subtropical gyre were
collected at two stations located 20–30 degrees west of our cruise track as part of the GEOTRACES-Japan
expedition in December 2009 [Vu and Sohrin, 2013]. In the 500–1000 m depth interval, where temporal
variations in dAl should be negligible on a 2 year timescale, Vu and Sohrin [2013] reported a mean dAl of 2.65
± 0.48 (n = 6), which is virtually identical to the mean dAl (2.63 ± 0.35 nM; n = 42) we observed in the same
depth range in the gyre (38°S to 15°S) along 95°E.
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Unlike dAl, the distribution of dFe in the gyre did not show enrichment associated with the deposition and
dissolution of mineral dust originating from Australia. In fact, the lowest dFe values of the entire section
were measured throughout the water column of the central subtropical gyre, where dFe levels remained
below 0.3 nM in the upper 500 m. This region overlaps with the saltiest near-surface waters observed
in the region (i.e., STUW) and the most intense depletion of nitrate observed in the upper 300 m of the
section (Figure 2f). Grand et al. [2015] suggested that the lack of dFe enrichment in the upper layers
of the gyre is likely due to its short residence time in surface waters (~0.6 years), which is shorter than the
0.7 year that separates the most recent Australian dust inputs and our sampling. The low dFe concentrations
observed at depth are consistent with the low productivity of the gyre surface waters, resulting in
negligible subsurface remineralization inputs of dFe. Our mean dFe from 500 to 1000 m in the gyre
(0.47 ± 0.13, n = 21) is virtually identical to that observed by Vu and Sohrin [2013] at the two GEOTRACES-Japan
stations ER-10 and ER-11 sampled west of our cruise track (0.48 ± 0.13, n = 6) but is higher than the initial
shipboard values reported by Nishioka et al. [2013] at the same stations analyzed via shipboard FIA
(0.30 ± 0.09, n = 6).
3.3. The Northern Indian Ocean and Bay of Bengal (15°S–18°N)
3.3.1. Oceanographic Setting
The position of the SEC near 15°S coincides with a remarkable biogeochemical front across the upper
1000 m of the water column, separating the monsoon-dominated regime of the northern Indian Ocean
from the south Indian subtropical gyre [Gordon et al., 1997; Tomczak and Godfrey, 2003]. In the upper
100 m, the position of the SEC coincides with an abrupt decrease in salinity (Figure 2a) that intensiﬁes
in the BoB (>5°N). Below ~200 m, the SEC appears to separate dFe-rich and oxygen-depleted waters
from the northern Indian Ocean from the dFe-depleted and oxygen-rich waters of the south Indian
subtropical gyre (Figures 2d and 2e). The strong property gradients observed at this latitude imply
little meridional transport across 15°S along the cruise track [You and Tomczak, 1993; Tomczak and
Godfrey, 2003].
The principal water masses of the northeast Indian Ocean thermocline are the low-salinity Bay of Bengal
Water (BBW), which overlies North Indian Central Water (NICW). Excess precipitation over evaporation
and monsoonal river inputs collectively create BBW, which spreads southward across the surface of the
BoB to produce a salinity gradient in the upper layers of the water column. This, combined with warm sea
surface temperature, generates a strongly stratiﬁed surface layer in the BoB that impedes entrainment of
nutrients from below via wind-driven mixing [Prasanna Kumar et al., 2002]. The mixed layer of the BoB
is thus relatively shallow (<20 m), isolated from the main thermocline and mostly nitrogen limited
[Koné et al., 2009], consistent with the barely detectable nitrate levels (0–0.07 μM) observed at the time of
our sampling. In contrast, surface silicic acid (Si) levels doubled from 5°N to 18°N as a result of increasing
riverine inﬂuence, which is particularly visible in the northern reaches of the BoB (>10°N) where the
lowest surface salinities (down to 32.61) and highest Si concentrations (up to 2.35 μM) were observed.
Surface dFe and dAl concentrations also showed a meridional concentration gradient with pronounced
increases coinciding with decreasing salinity in the BoB [Grand et al., 2015]. Below the BBW, NICW
occupies the majority of thermocline in the north Indian Ocean [You and Tomczak, 1993; You, 1997]. NICW
is an aged form of Indian Central Water (ICW), which is subducted near the STF and injected northward
into the south Indian subtropical gyre. Since the jet-like inﬂow of the ITF suppresses meridional transport across
10°S–15°S east of 50°E, ICW is transported westward once it reaches 10°S–15°S with the SEC and enters the
Northern Hemisphere along the African coast via the Somali Current during the southwest monsoon [You
and Tomczak, 1993; You, 1997]. Some ICW then retroﬂects eastward via the Southwest Monsoon Current
(SMC) and ﬁlls the BoB, where it has been renamed NICW. The thermocline of the BoB thus contains the
oldest central water of the north Indian Ocean [You and Tomczak, 1993; Fine et al., 2008], which has
accumulated macronutrients and became depleted in oxygen during its transit to the northeastern
Indian Ocean and BoB.
The north Indian Ocean is subjected to seasonally reversing monsoon winds, which causes a pronounced
seasonality in freshwater inputs and seasonally reversing currents. LADCP data revealed a complex
current structure in the upper 1000 m of the north Indian Ocean. In particular, we observed a broad
subsurface region of westward velocities centered about the equator near 400 m (Figure 2e), which
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could be interpreted as a deep equatorial jet or a seasonal Rossby wave. The region between the
equator and Sri Lanka is a major pathway for the exchange of water between the Arabian Sea and
the BoB, particularly during summer when the Southwest Monsoon Current (SMC) carries high-salinity
waters of the Arabian Sea past the Sri Lanka dome before turning northward into the BoB [Schott and
McCreary, 2001].
3.3.2. Lithogenic Inputs in Subsurface Waters of the Bay of Bengal
The distribution of dAl in the northern Indian Ocean shows an increase from south to north, with
systematically higher concentrations throughout the upper 1000 m in the northern BoB (>10°N) where the
highest surface (up to 32 nM) and deep (>800 m) dAl levels (up to 3.75 nM) of the entire section were
observed (Figure 2c). Note that Vu and Sohrin [2013] sampled a station in 2009 (station ER-2) located
within 30 nautical miles of one of our stations in the central BoB (8.5°N). They reported mean dAl
concentrations from 0 to 100 m (8.6 ± 1.7 nM, n = 4), 100 to 500 m (4.9 ± 0.6 nM, n = 3), and 500 to 1000 m
(3.6 ± 0.3 nM, n = 3) that were not signiﬁcantly different from the mean values we observed within these
same depth intervals (two-sample t-test: 0–100 m: 6.7 ± 1.9 nM, n = 4; 100–500 m: 5.2 ± 1.1 nM, n = 6;
and 500–1000 m: 3.3 ± 0.4 nM, n = 2). In the stratiﬁed upper layers of the BoB, the most likely sources of dAl
and dFe include dust deposition and runoff from the Ganges-Brahmaputra and peninsular Indian rivers
[Grand et al., 2015].
The supply of suspended particulate matter associated with the Ganges-Brahmaputra river plume is one
of the largest in the world [Milliman and Meade, 1983] and can be traced in deep-sea sediments of the
northern Indian Ocean as far as 8°S [Nath et al., 1989]. The large ﬂuvial input of particulate material
throughout the BoB is well documented in sediment trap studies, which show a decreasing trend in the
contribution of settling lithogenic material delivered to sediment traps at ~1000 m with increasing distance
from the coast [Unger et al., 2003]. The inﬂuence of riverine material in the BoB was also seen in the
distribution of particulate Al and Fe measured in this section, which exhibited a remarkable meridional
gradient across the northern Indian Ocean, with the highest values observed underneath the freshwater
lens of the northern BoB (P. Barrett, personal communication, 2014). In this region at depths below 100 m,
the ratio of particulate Fe to Al averaged 0.37 ± 0.06 (mol : mol), which is close to the mean particulate Fe : Al
ratio of 0.24 (mol :mol) observed in riverborne sediments of the Ganges-Brahmaputra system [see
Subramanian et al., 1985, Table V]. The parallel north–south decreasing trends in dAl, particulate Al and
Fe, and settling lithogenic ﬂuxes inferred from sediment trap studies suggest that the enormous input of
riverine particulate material from the Ganges-Brahmaputra and peninsular rivers likely inﬂuences the
distribution of dAl and dFe throughout the BoB. While the dissolution of settling riverine particulate
material has been invoked as an important source of rare earth elements below the stratiﬁed upper
layer of the BoB [Nozaki and Alibo, 2003; Singh et al., 2012], we surmise that the deposition of riverine
sediments to the shelves and their subsequent resuspension in turbidity currents cascading down the
slope may be an important source of dAl. These turbidity currents could release pore waters enriched in
dAl thereby contributing to the elevated subsurface dAl observed in the BoB relative to other regions
along the cruise track. As we will show in section 3.3.4, the subsurface distribution of dFe is also
impacted by sedimentary inputs but, unlike dAl, this signal is superimposed on that produced via
remineralization of settling organic matter.
3.3.3. dFe Distribution in the Sri Lanka Dome Bloom Region
East of Sri Lanka, from ~7.7°N to 9.8°N, subsurface dFe levels were enriched between ~200 and 800 m
relative to other regions sampled in the BoB (Figure 2d). This zone of elevated subsurface dFe is
located at the northeastern edge of the Sri Lanka dome (Figure 1), an open ocean region where deep
waters are upwelled to the surface via Ekman pumping during the southwest monsoon [Vinayachandran
and Yamagata, 1998]. This process brings deep nutrients into surface layers and generates a recurrent
phytoplankton bloom, which usually peaks in June–July and extends from ~84°E to 88°E and 4°N to
10°N [Vinayachandran et al., 2004]. We sampled six stations at the northeastern edge of the Sri Lanka
dome (Figure 7a). These proﬁles exhibited variable dFe levels below 150 m and dFe concentration maxima
of 1.14–1.51 nM located between ~300 and 650 m (Figure 7a). Since the highest subsurface dFe
concentrations of the BoB coincide with the geographical extent of the Sri Lanka dome bloom
(Figures 1 and 2d), it is likely that this subsurface dFe enrichment partly results from remineralization
of the seasonal Sri Lanka bloom. Aeolian dFe inputs in the Sri Lanka dome bloom region, which
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Figure 7. (a) Dissolved Fe and (b) salinity proﬁles from the Sri Lanka dome region observed on this section and during the
GEOTRACES-Japan expedition in November 2009 (ER-2 [Vu and Sohrin, 2013]).

appear to be of comparable magnitude to that observed underneath the Saharan dust plume in the
north Atlantic [Grand et al., 2015], probably also contribute to the surface inventory of bioavailable
dFe there.
The Sri Lanka dome bloom region was also sampled for dFe at GEOTRACES-Japan station ER-2 (8.5°N, 86°E)
in November 2009 [Vu and Sohrin, 2013]. Their dFe observations were higher than ours (April 2007)
in the upper 200 m and below 800 m, but were within the range of our observations between 200
and 800 m (Figure 7a). Interestingly, salinity in the upper 200 m was signiﬁcantly higher during the
occupation of station ER-2 (Figure 7b). The higher salinity and dFe concentrations observed in the
upper 200 m of the water column during the GEOTRACES-Japan expedition may reﬂect an advected
feature originating from the Arabian Sea or the different timing of the CLIVAR (April: prebloom)
and GEOTRACES-Japan observations (November: postbloom). It would appear, however, that the
elevated subsurface dFe levels that we observed underneath the Sri Lanka dome bloom may be a
quasi-persistent feature of the BoB considering the relative agreement between our subsurface
dFe observations and those of Vu and Sohrin [2013], which were sampled 2 years later and at a
different season.
3.3.4. Net Remineralization Inputs Along the Pathway of Indian Central Water
The most striking characteristic of the subsurface dFe distribution in the north Indian Ocean is the
pronounced increase in dFe below ~100 m starting near the SEC and extending into the BoB (Figure 2d).
As mentioned previously, the southernmost extent of this zone of elevated dFe near ~15°S coincides
with a sharp front in the oxygen distribution and the ensuing northward dFe increase is accompanied by
declining oxygen levels (Figures 2b and 2d). The low oxygen content of these subsurface waters results
from the lack of direct ventilation in the north Indian Ocean, combined with the lateral transport of
oxygen deﬁcient waters from the western Indian Ocean and in situ remineralization of sinking organic
matter along their ﬂow path. Once a water mass last comes in contact with the atmosphere and is
advected away from its subduction region, it will lose oxygen and accumulate macronutrients and dFe as
a result of remineralization of settling organic matter. However, unlike macronutrients such as phosphate,
the subsurface distribution of dFe reﬂects the dynamic balance between remineralization inputs and
scavenging removal and can also be impacted by inorganic inputs, which are decoupled from the
remineralization and scavenging processes.
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Figure 8. Remineralization dynamics along the pathway of ICW from its southernmost position in the south Indian
subtropical gyre of the present section to its northernmost extent in the Bay of Bengal where it has been renamed NICW.
3
3
T/S properties of (a) ICW (latitude: 27°S–16.3°S, σ θ = 26.1–26.8 kg m ), SAMW (latitude: 27°S–16.3°S, σ θ = 26.6–26.8 kg m ),
3
ICW&ITW mixture (latitude: 16.3°S–7.7°S, σ θ = 26.1–26.8 kg m ), “Equatorial” ICW (latitude: 7.7°S–6.5°N, σ θ = 26.6–
3
3
26.8 kg m ), and NICW (latitude: 6.5°N 18°N, σ θ = 26.6–26.8 kg m ). (b) Phosphate versus AOU. The dashed
line and equation show the ordinary least squares (OLS) ﬁt of phosphate versus AOU in ICW (latitude: 27°S–16.3°S,
3
σ θ = 26.1–26.8 kg m ). (c) Nitrate versus AOU. The dashed line and equation show the OLS ﬁt of nitrate versus AOU in
3
ICW (latitude: 27°S–16.3°S, σ θ = 26.1–26.8 kg m ). (d) Dissolved Fe versus AOU. The dashed line and equation show
3
the OLS ﬁt of dFe versus AOU in ICW (latitude: 27°S–16.3°S, σ θ = 26.1–26.8 kg m ). The ﬁlled circles refer to NICW
occupying the seasonally productive Sri Lanka dome.

To illuminate the role of remineralization (i.e., dFe released via remineralization of organic matter minus
scavenging removal) in controlling the subsurface distribution of dFe in the thermocline of the northern
Indian Ocean, it is instructive to explore the relationships between macronutrients, dFe and AOU along the
advective pathway of Indian Central Water (ICW) from its southernmost position in the subtropical gyre to
the northern reaches of the BoB along our cruise track. In the subtropical gyre, ICW occupies the water
column from σ θ = 26.1–26.8 kg m 3. For the purposes of this analysis, we only include data north of 27°S
since the dFe data from 41.5°S to 27°S were questionable and could not be veriﬁed via shore-based ICP-MS
determinations (see section 2.2). In the gyre, the ICW density range (σ θ = 26.1–26.8 kg m 3) encompasses
SAMW (σ θ = 26.6–26.8 kg m 3), which is situated on the T/S mixing curve of ICW (Figure 8a). From 16.3°S
to 7.7°S, the T/S properties within the ICW density range show a signiﬁcant freshening and large scatter
because of the inﬂow of ITF waters (Figure 8a). The waters within this latitudinal band are thus a mixture
of ICW and ITF. From 7.7°S to the northernmost stations of the BoB, we only consider data between
σ θ = 26.6 and 26.8 kg m 3 because You and Tomczak [1993] showed that the supply of ICW to the
Northern Hemisphere occurs predominantly on the σ θ = 26.7 kg m 3 density surface, where isopycnal
mixing predominates. Figure 8a shows that the T/S properties of waters within this density interval
cluster around the linear ICW T/S properties, consistent with isopycnal mixing of ICW along the core
density of σ θ = 26.7 kg m 3.
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Since the regression of phosphate versus AOU in ICW allows predicting the phosphate content in the NICW
end-member (Figure 8b), we can apply the same approach to dFe in order to determine if the subsurface
dFe enrichment that we observed north of the SEC is sustained solely by remineralization of settling
organic matter or if other sources may be supplying dFe. Figure 8d shows that the dFe in SAMW and the
mixture of ICW/ITF waters cluster around the ICW ﬁt. However, the data points from ICW in the equatorial
domain (7.6°S–6.5°N) and from NICW in the BoB (>6.5°N) show signiﬁcant scatter and plot above the dFe :
AOU linear ﬁt that characterizes ICW farther south in the gyre (Figure 8d). The decoupling between dFe
and AOU in the northern Indian Ocean suggests that other dFe inputs, unrelated to net inputs of dFe via
organic matter remineralization, supply additional dFe along the advective ﬂow path of ICW. Possible
sources of this extra dFe may result from (1) the interaction of ICW with sediments of the African shelf
during its northward transit with the Somali Current or with sediments of the western coast of India and/or
the southern tip of Sri Lanka as ICW is advected to the BoB via the West Indian Coast Current and SMC
during the southwest monsoon; (2) the large input of dust impacting the surface waters of this region
[Grand et al., 2015], possibly combined with reduced scavenging losses in the oxygen depleted subsurface
waters of the central and northern BoB (Figure 2b); and (3) sedimentary inputs from the deposition and
resuspension of riverine sediments on the shelf in the northern BoB.
3.3.5. Fe : C Net Remineralization Ratios in Indian Central Water
In ICW of the south Indian subtropical gyre (27°S–16.3°S), where there is no evidence of hydrothermal or
sedimentary inputs, the slope of the dFe : AOU relationship is 2.7 ± 0.8 μmol mol 1 (n = 12, R2 = 0.53), and the
intercept of the ordinary least squares regression implies a preformed dFe concentration of 0.14 ± 0.02 nM
in the subduction region of ICW. This predicted preformed dFe concentration is comparable to the mean
dFe (0.18 ± 0.05 nM, n = 26) observed from 48°S to 40°S where the σ θ = 26.1–26.6 kg m 3 isopycnals outcrop
along the present section. It is also worth mentioning that the ICW dFe : AOU ratio in the gyre was remarkably
similar to that observed in the ICW/ITW mixture farther north (2.9 ± 0.5 μmol mol 1, n = 19, R2 = 0.67), implying
similar net remineralization rates of dFe in ICW and waters within the same density interval originating from
the Indonesian Throughﬂow region.
Based on the slope of the ordinary least squares ﬁt between DIC and AOU within the density intervals of ICW
(Figure 9), we estimate that the oxidation of 1 mol of carbon consumes ~1.5 mol of oxygen during organic
matter remineralization. Using our DIC : AOU and Fe : AOU ratios in ICW, we can calculate a net Fe : C
remineralization ratio in ICW of 4.1 ± 1.5 μmol mol 1. This ratio reﬂects the net release of dFe during organic
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Table 2. Literature Compilation of Fe : C Remineralization Ratios in Various Ocean Basins
Location

Water Mass

Indian Ocean subtropical gyre
North Atlantic
North Atlantic subtropical gyre
North Atlantic subtropical gyre
Tropical North Atlantic
Tropical North Atlantic
North Paciﬁc
Equatorial Paciﬁc
Southern Ocean

ICW
Not speciﬁed
NACW
AEW
Not speciﬁed
Not speciﬁed
Not speciﬁed
Not speciﬁed
Not speciﬁed

Fe : C × 10
4.1 ± 1.5
9.9 ± 4.0
6.6 ± 0.5
7.4 ± 1.0
11 ± 1.0
9.6–12.4
4.6 ± 2.7
2.0 ± 0.4
1.8 ± 0.4

a

6

Reference
This work
Sunda [1997]; Johnson et al. [1997]
Hatta et al. [2014]
Hatta et al. [2014]
Bergquist and Boyle [2006]
Fitzsimmons et al. [2013]
Sunda [1997]; Johnson et al. [1997]
Sunda [1997]; Johnson et al. [1997]
Sunda [1997]; Johnson et al. [1997]
1

All ratios were estimated using dFe and AOU in the water column. All Fe :C ratios are all in μmol mol and show
mean ± 1SD or reported range. Data from the Sunda [1997] reference are the mean Fe :C that was reported in each ocean
basin of Table 1 in Sunda [1997].

matter remineralization along the ﬂow path of ICW (i.e., dFe released during remineralization minus
scavenging losses). Thus our Fe : C ratio is probably signiﬁcantly lower than the elemental Fe : C stoichiometry
of the original organic particles because a large proportion of the dFe released during organic matter
remineralization will be lost via scavenging removal [Twining and Baines, 2013; Hatta et al., 2014].
Our Fe : C ratio in ICW is signiﬁcantly lower than that determined using similar approaches (i.e., calculated from
regressions of dFe against AOU) in the North Atlantic Ocean (6.6–11 μmol mol 1), comparable to Fe : C ratios
from the North Paciﬁc Ocean (~4.6 ± 2.7 μmol mol 1) and higher than that calculated in the Equatorial Paciﬁc
and Southern Ocean (~1.8 ± 0.4 μmol mol 1; Table 2). The magnitude of the Fe : C ratios from different oceanic
regions is thought to scale with the degree of Fe availability in surface waters and the cellular Fe requirements
of phytoplankton growing in each region [Sunda, 1997; Twining and Baines, 2013]. The geographical
variations in Fe : C ratios may also scale with concentration of organic ligands in the subduction region of a
water mass, since excess ligand levels may buffer dFe removal via inorganic scavenging in the ocean interior
and hence produce elevated Fe : C ratios [Tagliabue et al., 2014c]. Additional data along the advective pathway
of water masses subjected to minimal diapycnal mixing and external dFe inputs in different oceanic regions
will improve our understanding of the geochemical imprint of remineralization in the ocean interior.

4. Summary and Conclusions
The CLIVAR I08S and I09N sections cover a broad range of hydrographic and biogeochemical conditions and
therefore reﬂect the effects of several source terms on the distributions of dFe and dAl in the eastern Indian Ocean.
The distribution of dAl is mainly controlled by the large-scale gradients in dust deposition impacting the surface of
the eastern Indian Ocean, the outﬂow of dissolved and suspended matter from the Ganges-Brahmaputra river
system in the Bay of Bengal, and long-range subsurface transport of water masses labeled with dAl, particularly at
the northern boundary of the Southern Ocean and possibly within the Indonesian Throughﬂow region.
In the Southern Ocean, the interaction of the ACC with the shallow topography of the southern Kerguelen
Plateau appears to play a role in maintaining elevated subsurface dFe values that we observed below the mixed
layer throughout the Antarctic Zone. We surmise that the strong offshore currents above the southern Kerguelen
Plateau combined with enhanced vertical mixing rates could both contribute to the elevated subsurface dFe
values observed there relative to other sectors of the Southern Ocean. Downstream of the northern Kerguelen
Plateau, our dissolved and particulate dFe data may reﬂect long-range lateral inputs from the plateau’s
sediments, suggesting that shelf Fe inputs may be transported for up to ~1500 km away from the source region.
In the northern Indian Ocean, the South Equatorial Current (~15°S) marks a remarkable biogeochemical front
separating the well-oxygenated and Fe-poor south Indian subtropical gyre waters from the oxygen-deﬁcient
and dFe-rich waters of the northern Indian Ocean and Bay of Bengal. Using the relationship between
macronutrients, dFe and AOU in central waters occupying the south Indian subtropical gyre, we show that
the subsurface waters of the northeast Indian Ocean and Bay of Bengal must receive extra dFe in addition to
that produced during remineralization of settling organic matter. The resuspension of shelf sediments and
release of pore waters along the pathway of Indian Central Water and in the Bay of Bengal probably
contribute to the elevated Fe and Al levels observed there.
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